For some years it has been known that atmospheric nucl-ar explosions conducted at scaled he ight s-of-bur st (SHOB) of the order of 30 m/kt ' produce strong reverse flow below the fireball. In particular, downward flow of air iirectly over surf.ice-ground-zero (SGZ) may delay the time when soil and dust ire swept into the nuclear cloud.
The effect was first noticed in HULL-code r ,T1 cul at ions .* Confirming photographic evidence has been found for UpshotKn.ithole BADGER and HARRY.
In this report we will briefly describe generation of the reverse flow, conditions necessary for its existence, the extent of the region of downward motion above SGZ, and comparisons with a limited amount of data* Consequently, the reverse flow appears only if the SHOB falls in a restricted altitude regime. At the low end of the range the reverse flow will not occur if the explosion is close enough to the surface that a shock wave is not formed by the time the fireball interacts with the ground. At the upper end, shock waves produced by bursts at relatively high altitudes are sufficiently weak that no sensible reverse flow is generated.
Let us first consider the minimum height-of-burst for which the reverse flow occurs and then describe the generation of a typical flow at higher altitude.
An atmospheric nuclear explosion deposits energy in the air by three mechanisms: deposition of x rays produced by the high temperature of the weapon case, deposition of neutrons, and collision of the rapidly expanding weapon debris with the air molecules. Because the mean free path of neutrons in s<-.ilevel air is of the order of a hundred meters, they have relatively little effect on the formation of the reverse vortex and will not be considered further.
A fireball generated primarily by x-ray deposition grows radiatively until such time as the time scale for propagation of the radiation front becomes comparable with hydrodynamic time scales and a hydrodynamic shock wave forms.
In the case of an x-ray fireball, the hydrodynamic shock forms at a radius
where Y is the explosion energy in kilotons and P Q is the ambient air density in milligrams per cubic centimeter. The above scaling is based on fits to RADFLO
calculations. The precise value of the coefficient will depend on the fraction of the yield radiated in x rays.
If, on the other hand, the fraction of the device energy in x rays is low, there may be no radiative growth phase. In this case a strong hydrodynamic shock will have formed in air by the time that a mass of air about equivalent to the weapon mass has been entrained by the expanding debris. , whore M is the mass of the device in metric tonnes. For most modern devices the mass-to-yield ratio is low and the x-ray output significant so there will be a radiative phase and the reverse flow will occur only for explosions at SHOB larger than 5-6 m. By 25 ms the positive gradient is well established, and there are clear signs of deceleration of the material above SGZ (Fig. 2) .
By 50 ms the reverse flow is established. However, as can be seen in the pressure distribution (Fig. 3) , the pressure at SGZ is rising, indicative of the transients that persist in the flow. In an effort to assess the validity of our calculations, we requested that trajectories be measured for clumps of material in the BADGER cloud. As indicated earlier, the overall growth of the reverse vortex ends as the fireball begins its buoyant rise. From the data in Figs. 5 and 6, we estimate that the reverse vortex disappears at a time of 3.5 W ' s. However, we note that in all the calculations the resolution in the reverse vortex is poor at these late times and, therefore, we urge caution in using this estimate.
We have examined photographic records in a effort to better define the times at which the reverse vortex disappears. The reverse flow is most prominent in records of Upshot-Knothole HARRY and BADGFR. However, owing to the large amounts of mass near the BADGER and HARRY devices and to the considerable dust and smoke raised by the shock, the photographic records of these events are difficult to interpret for the disappearance of the reverse vortex. .75 Figure 9 . Streamlines for BADGER at 1.29 s compared with photographically determined clump motions.
